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Process l:n - u - * :,itl ' • 

This invention relates to a process and apparatus 
for hydrogen -induced nuclear spin polarization of an 
unsaturated compound, and more preferably for the 
preparation of a contrast agent for a magnetic resonance 
• -imaging procedures " " " " ' ".^"v. Vl^'Z-, ~ bt ,.""7 '^T.-;,; - t ".'V .,7: 

Hydrogen molecules ( X H 2 ) exist in^'the different ' M 
forms, namely para-hydrogen where the nuclear spins are 
anti-parallel and out-of-phase ( thre^ & : irtgl&*e n st atle 1 )* ;: -&Hd 
ort ho -hydrogen where they are paralj..^^ 
and in-phase (the triplet state). '-T^t ^room' temperaturev 
the two forms are in equilibrium wi£h lf: an : approximately: - 
1:3 ratio of para to ortho hydrogen": v At '' 8 0 K! : • t he 1 ' * r*a t i o 
is about 48:52 and at 20K it approaches^ 0 0^0 > 4.aot2u : al<fcy 
about 99.8:0.2). r '- >: ; " 

In ^contrast; ^deuterium (D 2 or 2 H^) y^where^the 2 H \ , 
nucleus has a nuclear spin (S) of l'*' rattier than X A, 
exists in -nine** different^forms, three anti -symmetric : ' 
para, farms and six symmetric ortho forms. At ambient 
temperature 7 the ratio of ortho-de'uterium-'^Co-Ds) -t^-^ara^ 
deuterium (p 1 D 2 ') : jLii :ari: "'is' 
"about "2 : 1 , at 6 OK it" "is "about ~~3 : T" and * at "2 OK Tt is about*; 
98 : 2 . ' (Deuterium ^f reezes ; at; 1 ^abotit ^VpKfj ''\^ v V \V \ v ? ''^/.7, 
. In PCT/GB98/03399, .^a^copyvof : -whichv-is ^filedO : 'v.<a. -y\ 
herewith . " arid' tti6 „ enclpsure;s\/o^^ ~!7' 
incorporated-^ by -reference y - it > as described^ how para^' V: 
hydrogen may be used to catalyticaily hydrogenate ' 
unsaturated compounds, transferring to those compounds 
the ant i -parallel,, protoju spins^, of-^the. para- hydrogen. 
molecule, and tr^n^f^rring nuclear t ; i n 1 a tjtfz a 1 1 ,on .7 1'. 
from the para-hydrogen deriving protons to non-hydrogen • • 
non - zero nuclear spi^/i i x S*.p.) nuclei / in .the • 7 ^ : . v \ 
hydrogenated compound,;- e;g. ^ ^' : br - -JST nuclei : Iri : this" 
way, such non- zero spin nuclei may be given a nuclear 
spin polarization (hyperpolarizat ion) equivalent to that 
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achieved 1 in a ki-loTesla - or.;.higher -magnetic field.'' The 
nuclear magnetic, re'sonancev. signal; emitted: by such' 
. hyperpolari zed;: nuclei -may- .be,; used ^;f or -magnetic resonance 
•imaging ; _in -much :ther.Same ; . way or_;has beenndone .'with 
hyperpola-rized - 3 ;He : -MRI y .:; l i .. - r '.r- \ r« • 
."-:cr; h s imi 1 ar ^nuclear spin^-h'yperpol-ari zat-ion ;:tey ^ 
. likewise, ; berachievedvby hydrogehation wi;>tih ^deuterium, 
: more ..particularly .iwith r o rdeut erium or ,wi fh' ^hydrogen 

( 1 H 2 )-/deuterium( 2 ;H- 2 J.;,,;mi^ particularly;; deuterium or 

;hydrogen/deut^^^ .which: thevp/o: irat-io- for 

: hydr.Qgeri;- and ,;.the, . : ;o/p. : r;atija -£or/, deuterium rare ;:higher than 
the equilibrium ^aclue:S.u(l!:::3.^^^ 

^ tempera.tur.e.v: e>,§;. having: iratids'); corresponding^ to the 
^equilibrium- v:al;ues.cat:rtemperat,ures:cbe-low: 8 0K>, >more: - 
partipulaxly .tempera tu-r.es,. rbelo.w: .4 O.K : , -especially -'between 
-liquid .helium.; (4K) -temperatures; :and ,3DK^L-.more;:e;spebially 
^a^t; f :ben^^ra.tiure^;; beitweenH the ;mettingv«pQintsi of cthe;u 
hydrogenf and/or deuterium? -and-. 25.K". :,o noi ; ! s. ;;?:;;;: -* \\; 
j .-./::: ; T-he hydrogenati on, , and/or \deuterat ion , _ e;.;g-./ of . an 
unsaturated; .bond tin:- a- ;subs:tratej moie:c.uie whereby to 
introduce a ^H.'.or -<. 2 H- atom; -bound. ft o =earh'^f ::the atoms 
linked by* -the. unsaturated bond ,<= serves; ft o.. introduce a 
;hydrbge.n'/deuterium.;spin\-and.? "spin- phase: distribution into 
the hydragenated .subs t rat ei.,mol-ecul:e/:whichj is .other - than 
:the equilibrium distribution., at / ambient: temperature . 
;Where;rthe r substrat;eomolecule contains -non - zero- nuclear 
spin., nuclei : -(-in naturai^or ^above./ naturals i so topic \ 
:abundanceis ):7n:particuiarly\ wheres these; -non- zero spin 
;;£S*,0:);: nuclei' are 'Close In; the., molecular . structure/ of the 
hydrogenated;- substrate..to the- ^Hror l a H;^ atoms- rintrbduced 
.-by- :theh hydrbgenation;, . the;i introduction ; l .H :or ~i 2 H: atoms can 
induce: -a::. nuclear;;spin: and. -spin, phase."' distributions in the 
S * Os nuclei ; which ' i s • other than thes equil ibr ium/ : ? ■ 
distribution * at - ambient temperature . -?r. Thesen non-*lcb 
equilibrium nuclear spin distributions f or . thef^ - z 
introducediprotons/deuterons:.; andrrdE ore the' tS&Qi nuclei in 
the hydrogenated; substrate- may-be harnessed'^ tooprovide 
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signal enhancement in: magnetic resonance- imaging (MRI) 
techniques, including in r vivo- MRI : - r *~-'~ :.: * 

-The -term-- "hyperpolarizat ion" is- used : - herein' :to 
denote , a -nuclear spin population ^distribution-- for---a non- 
zero nuclear spin imaging nucleus' 1 in -a 'hydrogefiaftdd 
substrate which is -other than the ^equilibrium population 
,distributi'on at -ambient r to physiological (e.^: 25-40°C) 

- .temperatures , ..more, iparticularly ''fdr'-rion- zero nuolear 

■spin.j imaging- nuclei/ - in. ar- hydrogenated substrate .-a - ; 
di.strribut ion' in. ^whi.ch:..-the^"pop'ulati'on -'difference' : between 

-..ground ^and vexci ted^nucliear J^pdni 'staMs greater;* than 
the :.equi.l ibrium. .pdpiilat £on. ; die££id&&ne& X^ ci Lrt,p^ 

;:. r, j By, L" imaging; muclei'l " ~is ; mearit -the nuc 1 e i -in- the 
hydrogenated ...substrate: :a?e^spon^i : bl3e^ £o : £r the'vMR -signal 
used; ;ini MR!, to generat e'oimages &'->. ^Thusv \for 'example', the 

'imaging. nucleus might: 1 "be: --^C^or ;-Kr; nucleus, generally 

up- -to bonds: away" jfrom -a : l Ri^ or v 2 H< nuc leu-s -in^rodufceds by m 

hydrogenation . of the. substrate, *>or: it- may be> a iH'v'or a 2 H 

nucleus, introduced; by hydrogenati^onvrof a ^:non:- 'symmetric ±.; 

unsaturated 7 substrate-. vi-^Since-" the substratels 3.:..: * 

.unsymmetrical. the ^ or e sonance: :f Jr e qu encies -of the- two- 
introduced hydrogens -will ; notr ~be'-the 1 same)v.d r^ T ->"';i~ ~ 

. While.. *PCTy.GB98f/fi3 : 3 9faT/does'::^escr±b'e by :> which 

para'- hydrogen - hydrogehat ionvm&y irbe : e.f-f ectfedy we have^now -;ir 
found thatl hydrogenation to- tiarness for: MRI the pr-H 2 and/ 
or : o-Dj.,. induced. .hyperpolarization^ sthedhydrbgenat ion 

reaction is particularly f avourably -pexfbrrned- byl mixing : w 

gaseous:; para - hydrogeni and / or o.rthb:-deuteriatim: enriched 

hydrogen.. ..( i .*er a ^ jwhereT; the J p. : o ratio of.- 1 Hp irs ^greate'r than 

.1;:3: 7 :: part i curl arly rgreater than:\3/: 7 > ^raore? part icularly 

.greater . than 1 : 1" and/or::the. o : pr-'rat ±o5p.f ::i?Hfi is :greater 

thani 3l: 2 particularly: greater;: than: 3l: rrmore;) o -jr^n i 

part icularlyi greater than *4 : 1) ;. withita: v sprayl;of,: a; ^8 

solutions of . :the, unsaturated compounds .and* a; .hydrogenation 

catalyst . .-c? ;? f ; : :i r- ; ::• r. :cl. r i^ln^n i:Ld/ I i • t, 

I ;;¥iewed„vfromo6n'e: aspects theb invent ion':, thus provides 
a:>processvrf 03rnthe preparation * ofuano MR;: contrast agent , 
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-.said process ^ comprising 1 : ..- . . ; .• ! ;: : — • :.• .; ; - 

rv " :' i).- ; obtaining -.a solution in.: a -solvent ofr a'- ' 
. hydrogenatable , h -. unsaturated ■ substrate-'-compound : ^and a 
-.catalyst . for,, the- hydrogenation of- said substrate, 
.compound y - • c r~rM~.L z k :?:; ; : • r- :* vc . . .:- :; L ..r 

: -.. ;r .ii) -'^int-roducing,-: said jsolution-.rin 'droplet :form into 
" a .chamber . ■.containing ;hydxbgen . :g'as . CH^ ) r: /enriched: irf para- 
. - . : hydrogen- i---(p-"-H 2 ) land/or^. grthordeuterium Tq- 2 H 2 )v whereby to 
hydrqgenate^ s;aid :: s ; ub.st-rat.e. y-to cform .a. rhydrogenaf edc 
imaging agent ; : c . • v .^. }! ]- r r. x r ^ ;; - .1 . . o . \\ .:' -5 >■-• j .,-= ,v. 
r?n 2 i;ii ) f. [optionally t : § : iib.j;.ect;:ing c£aid' rhydroge'hiated'-r. 
b imaging-- : agent r-jto; a jnagri^icr field; chavingr a:-:.fjiednd^qB 
..^^t^ength rbelow . e^i^hiVs .; jambi.ent v.f ifeiid: ;fs trfe'ngt'h.-;.? :t^7;vi 

iv) optionally dissolving said imagi'ng lagerit^ in an 
v 'Ivv J^^^pus| ; me4ium^ie;:: j r;;r'X^ ; bios.'-, z- ire/ip^n -...:> f r.fiT 

:^v,: r vOr. optionally .separating ^said -catalyst .iromi the 
solution; of ^said TimaigiRg: agent; ih;- said- aqueous, rmedium; 
vi) optiona-ily .jseparating-isaidvsolveht^of romi: the 
:; .; a s-.olut.ion .of-; said : - -.imaging: -agent-, in -aaid-i aqueous medium ; 
~\ and- - jr;": , ^ r r v;^ : r cv;~ lio e ::c *r ~>i j^r-:,;; v ;; : 
-o H : c^ .- ;vii) :: optionally freezing .the;; .solution* .-of-' said* 
;L imaging. agent in . said r; aqueous; imediutn u ; 0. : -^^i,:: 
'•: j Ct. f; : i : . 1 Pp t ionalny st "epr: ( i i i ) ; - of;; t he ~ p r o cess of the--. 

invention;, :3 the ; hydroge.hatedr imaging- agent- is subj ected 
.0 o o p t <d a : : low.,; magnetic;- field;! treatment :?._-;;thisc step::, is - 

desirably effected unless the MR imaging;}prpcedure; is to 
j ,-j.; -euse as^imaging^rauclei-deuterons^introduced byi. 

deut;er^tio^r.;.withcortho?p^^ (:i rer. i.gas^i.compris-ing D 2 ':,where 
. ^^t|he jo-p^p^-Pzl ratio is greater j thanu2 : 1*)^ J ; .Tihe;>iow -.f ield 
treatment i may.? b£; ; ;ef f ected f at:: any*:: stage ^following onset 
of ;;.hydrogenatipn!,i and;;indeeddthelprocess^6fothexv.v . 
j & - invent ion: may;. :bej performed.? in itsiehtirety^im.a-.-low 
r. /field; ...hQweverriit ;isr desirable;;;that nthevlbwvrf ieldcx 
treatment ;.'occur;'::bef ore iwater addit ionc.-(6ptiohal^step 
. ; ■• . ) ( iv); ).; in -order ^bothfito :avoidcenhancement 1 byi then-low 
field of - hyp.erpolariziationi loss— indtfoed<-b^ 
J.;:;;cmaterials£which may be present: X:e..:g i v.a^ erainor.'Tinvsiir, 



impurities, or as dissolved " oxygen) - in' the water : and 
because . protons.- in. the 'water would'- them'selves have a 
relaxing- ;ef feet Accordingly it 'is preferred that the 
low f ield';treatment be 1 of the''hydrogenation^reaetion 
medium (e.g. by placing at least part of the : cha¥nber in 
a low -field) r and/or of 'the 'react ion 5 ' 'medium drawn out 
from>.the: chamber. '£ow-. field' f 'treatmerit' ("e.g. -at : "f relds 
below: 50 ■ fiT , pref erably ^less'-thkn :>l /xT) "may be -achieved 
by 'magnetic:- /shielding r.u'sin'g ^cdttvTn^-rcaal-ly' "available- 
materials, e.g. /x-metal, and may be particularly ^^ 
suitably* 'adhieverd i3y;^dispo:s1iftg Wome->-dr/ -all ; df^ the 
apparatus; used^ibr^fehe 1 process of ^ the ^hveht5ibh £ iih r a 
magnetical ly; ; shielded 1 fcoritalner" 'such : ;as- --is ^described in 
W09 9/173 0:4 V.:;.. . ■ '.. : r : yz^\^:^^hh v J. i sr:: >i. : - qo i v ' 

The low magnetic field treatment tey^alteaatively 
be- -e.f f ected'.by passage^ :through a- twi-n^-^ : -metai r layer ... 
.tube ,s .^capable, .bfe glvin'g.- fi'el^'dlf ^liess thah^ 1 -/xT^ more 
preferably/ less than; - 0 '. S- > p.T • ins ide-.- : ' - °- J - v 
. or?-.: Most . ima;ging -agent s^-will : requirb- this low magnetic 
field treatment for one of two reasons, first that- this 
promotes polarization transfer "£rom~-the->int reduced X H or 
2 H nuclei to the" imaging '.'nuclei-- (e ; . g." ^Gv-^N^ etc': ) and 
secondly as-'-"- the;; treatment : trans-f drms^ the- line-- shape .of 
the MR signal- from, an" anti-phase " 4 ^ multiplet'- with" zeirotn 
integral:: toa ar* multiple t-" with- a^nst ^signal r - r, which : is- good 
for:./ imaging-: r: i c z;r: i HX r: ;i ..:>;•■- b5JDfj:: a via^ b 

The hydrogenatable i substrate ouse'd- may -be -a material 
such as 1 Jis :d±scussed .in :PCT/GB98/033 9.9 ! ^ag ^^para- - : 
hydrogehat ion ' subst rates - : For "iia vi vo'" imagi-ng studies , 
the - substrates-is: preferably - a ^material xwhich ^ is 
physiologically .-tolerable ebotht in hydrdgenat'ed'-Jatnd - 
unhydrogenated/ forms . : /For ^D^- MR. ^studies V' thei ^substrate 
is;: desirably^non- symmetrical ::aboiit the ^unsat'uraLtfed - bond 
whichr.is ihydrogehatedp especially 'preferably non-^ - :* 
symmetrical rwithin f£4*^bonds\ of othei' unsaturated bond • (e.g. 
H5 G2.OOe.CH2 CH= Ctt^GRtfi wouldE bee ) cdnsl de-red^ ^t-OY-be- > o i ~? ± J 
unsymmetrical^withpn 2rbonds of the; ethylenfc ~G ^G -double 
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bond). .< . v.;/a - \ .. h: - 

- For-, in: vi t-ro- ..or : in * vivo MR studies- of biolbgical or 
• quasi -biological -processes : of -synthet-ic polymer : (e . g . 
peptide, - poly- nucleic acid /etc :)* syntheses , the :/v - 
substrate- is- preferably/ hydrogenatable' : 't6 ;: form* a- : 
molecule participating:.: in'/ such/ react ions ,' - 'erg"; : - ah^- amino 
acid; a. -nucleic:. acidv n, a 'receptor -bikdlng -molecule etc. , 
either a:: natural*, such J molecule- of /ari'^ analog'. : r " 

The solvent used/in -step'/ (i) -of :: the-pf ocess-of the 
.-invention may becany -conveniehtV' mater iai- :: which serves as 
af.s,o.lvent for ;the/substtat : e N /arid '-the hyd^o^e'riat:ion - 
Gatalyst .:r ; Preferably .however i£ is a ^vaiatiie^cSrganic 
...sQivent (e\ g -racet6ne)/: especially *'dhe - which is : water 
mi s;ciblev especially /pref er-abl-y-i^ ^is :<: no : t : %ter Ci J . e . 
c.not v^Oh.rand especially^preferSbly 'it is' : pef deu'tef ated 
(e.vg.. -. : C 2 H 3 OC 2 H 3 / or ::d 6 -ace^tt)ne)^ "'-Where '-the-' imaging 'agent 
;isj_ for; use/in' vivo? MR- -ihv ? est4.'^atiohs^ : the r sbi-veht is 
-pref erably .physiologically^ tolerable Solvent v removal 
-.(optional process- step- ( vi:)^ r:: 'i^ ;: 'pref erkbly 'effected by 
vacuum.,:; e . g by- . sprays lash- dist i^liatiibnv— : Other-- rapid 
•solvent^remoyal/'t echnicjues-) -e^. g J--3af finity 3 techniques , 
may. however:* be: .usedLj f.> :/: r i*-- \ ; or q.h._ :o- • . 'ro*:\ /c 
:r: The: solvent i: is'", pref er ably 'used^ at * or near the : 
minimum, quantities ' :require'd^^t^b maintain- substrate-y .-: 
catalyst land": imagingx^gent^in- sblu't ion' -during- 1 the J ' - 
hydrogenation/ reactiomi/ ^ni : i: ": e ..* ;~: 
* : Thee hydrogena t ion r catalyst^ is p'referably^a*' catalyst 

as-discussed^, in PCT/GB98/033 99-/- g^gv- a- : metal- complex, in 
particular :: a*: rhodium ' borriple-k? r-jL.iL-;- <-->:'.J . -.*:<:. ::o^~ v: ; 
. :;■:/.' The enriched^' hydrogen-; '"Which^may-be- pure - ^or 2 H 2 , 
or v. a mixture ofi- 1 !^: aiid^ 2 H 2 -(^erhaVs--cbntkiriirig HD) , 

.6ptionally: r cohtainihg/iothei' n gases -al though-' pf ef erably 
free:: from ^oxygen - or bother 'reactive dr-'-par am^gnet id - 
gases, may be prepared by cooling hydrogen i* (i-.^e -> cV H 2 / * H 2 
etc ;:) ipref erably:* to- -a te'mperafeiir4\bel-6W v ! &OK/'"more 
pre f erably -:*t ; o La ^temperature' belo^-^GK/^stili - [ mdf e 
preferably ifeoria' ife'empe'ratu'ref ^^'ioW^a^k, : - 1 arid ^aPEo wing the 
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nuclear spin states to equilibrate, optionally- in the 
presence-- of a- solid phase- equilibration 5 promoter , e.g. 
Fe 3 0 4 ., .. Fe 2 0 3/ activated char coal. , • ;e tc: 1 -;The^ enriched 
hydrogen.^is. then , preferably^ removed: from, the- -qeq 
equilibrator . and- opt ipnal ly stored- before -use,"-- • 
preferably- at; a -reduced temperature, e::.g:.- 20 -'80K". v The 
preparation : and; storage.;, of enriched^ hydrogen is 
described in-. PCT/GB98/.03 3 9-9 /t he-contents. 'of which "are 
v incorporated; herein byf : reference.: -,.c':. 
^ * ,-Fop >: the hydrogen^ t ion -.reaction;- enriched--hydrogen 
i^.. f illed- .into- 5u [re^efcion^charaber-opt iorlalliy vuri'der 
pressure,; ;evg, SO bo 10:0 -bar, vahd-fehe "teatal;ys;d;-arid^ 
.-substrate, solut-ion^;is 4^t;r;oduc-ed::i^r>droplet forhip e . g . 
by spraying, or latomizing:^ ' iritp vthis ::reaeto.r;.l :.:lf: in 
. d ? s .i 3 E:? d ',.: t he solution omayqbelproduced by ^mixing separate 
solutions- of r -oatalyst and ;oi.:;substratev ; r T„o "ensure 
Proper mixing* 0 -aj r<^l^ : !t.rdbuta^ ox la- pi-ura-l jfety; of .;:sprayf 
nozzles, may be :used : and the >chamb£r', - contents ■ may -be 
mixed,- e <g.;i by ,^a, mechanical st.irrer--or^by .appropriately 
shaping the .chamberj -walls- .-where. -there:-; is- a - flow.ofv * ** 
xeactionr mixture.; jin :the chamb;er:o -i The- process --may; be 
performed continuously with a f low: ;r eac tor., ■> e. g .v;a< loop 
or tube reactor ,i or- alternatiyelyi it may;; be- a batch-wise 
process. :?; ; :u Preferably .hpw.eyejr^ there- will-Joe.} a; continuous 
or, pul*sed .flow- of : « enripheci; hydro.gens.and:- -solution:- spray 
into the reactor, a continuous:.^ oro batch:- wise, removal of 
liquid ■ solution- frpm : the,; basenofj .tilep-reactorc rand a 
continuous.; or- bat ch- wise-: yen tdng.ro f unreaeted:gas^from 
the reactor . The enriched-hydrogeifc 

into; the ; reactpr r , are -pref ^r^bly , temperatures controlled 
to : .ensure - the : gas-drppl^t phase- int the reactor isiat the 
desired-. temperature ..^.Jhis.i can- be *. achieved Iby. providing 
input .alines,- wit-h temperature ■sensorspand.'.heating -or 
cooling) jackets .-ri cr.i f. .-co vJ be*;. v3-?a * d v; : ;r: , -tt 

— >< :: Following hydrpgenat ion and -ai^y -optional ,. although 
generally -preferred -low magnetic -fa^eldot'reat'ment ,v:the 
imaging ; ;3 ag,ent . is cpref erabiy jmixed vWithcwater .r; -The ;.water 



:; used is preferably : sterile and. also preferably ; 

essentially free of - par.amagnet ie-j contaminants. 1 - The 
-resultant • aqueous - solution .is then ; preferably treated to 
-remove the; hydrogenation-. catalyst:, :.e::g;; . by? passage 
.z through; an ion exchange column:, pref erably ' one : free of 
paramagnetic contaminants. The water:" may be ^ 
: temperatur^-controlled -as -mayobe;'a mixing .1 chamber where 
water -,and. : imaging ; agent ..solutions are mixed- so-'as "to 
ensure ;-the ^aqueous ..solution qenters "-the - : .ion "exchange 
■ r column_at .the ;• appropriate vberaperat-ure =- Strongly - acidic , 
.sodium A ion ^charged, ioni -exchange" 'r;esi'ns/rsuch ">as-?DOWEX 
1x2 - 40 0 - f Dqw r.Ghemd.Qai'S.) - rand eAmbex lite :JrR^l 20 n (both 
.ayailabrle- from ^Id^rich: :Ghe.mleals)--oresins- = may 
.opnyenientlyr be. r.usecirf or ■the'-.remo.val' -"of -typical' -.metal 
complex hydrogenation catalysts. For ;-f ast| ionvte'xchange , 
the- : res in -i s: preferably- - cros:s--jl inked. vto> -oniyia low 
degree , e.g. a 2 % idivinyl: -benzener;:cros s:-"l inked- o - 
sulphonatedyr: sodium^ion- loaded, ipoiys.ty.rene-' resin . 
c:-_-...-:jf: 'Removal of;: the; non>-aqu.eous solvent: may : - theff t= 
cG)ny'eni;eritly; be effected;, by Tspray flash: distiiorat ion - 
:e>g*. by; spraying: the -/aqueouss solvit ion: « into v'a ^chamber , 
applying a vacuum, and, driving ±'he~: organic/ solvent- free 
aqueous- so Lutiom f rom' t he vohamber using; 'an -inert , 
.pref er ably; -non -paramagne t igj gas;r e ■ g .-\:nit rbgem t Indeed 
in general the flow of liquid components ^through" the 
.hydrogenation; apparatus ;wi IT; preferably: 'b£ ; ; effected 
iising^ applied : nitrogenjs.pressure ,n.e . g : / :2: toM 0 bar-;l 
t &r'-... Thee resulting: aqueousij'imaging^-agent: soiut ion-; may be 
frozen and,;, stored:- or alternatively^imay:. be psedi directly 
in: j ans MR- ; imaging;? or; spectroscopy:- procedure^:; optionally 
after:: dilutioni or addition, pf-v further ^solution 
component s^ *-e . g ..IpHvmodif iers,t compiexingri agents ; • etc . 
Such direct use.:; may;: for example ^involve cont inoioas-- 
inf usioh .on alternatively^ injection/*, op infusion^ of one 
or , more] dose units : r.Bolus ; in j ection isi particularly 
interesting. br^ , < ( t y v. 

r ^The ;whole.hprocess*rf rom beginning~~:fofr' hydrogenation 
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to end- of- solvent, removal may- 1 conveniently be effected 
,in less tiian- 10,0- seconds; indeed - it • is feasible 'to 
produce.;; .dosage- units in as' little-- as~ 1 ! 0 -*'"■■ to -20 - seconds, 
which. : isv substantially less / than': T l -f or the imaging 
- nuclei in many.- of . the--- imaging-: agent s -±h the cbri€rast 
media so produced.; ~ "i:^* J , -j. *•=■:. . ->;.-:.;■*...■':::-:■ 

•::„[• Desirably, the- surf aces.' contacted by- fehe~ ! imaging 
agent; during the process: of Jthe^inventlon^are :rT *' ; 
_ substantially, if reeoof paramagnetic '^materials -e :§:■ made 
.-.of . glasses as . .used'j f or :.hyperpolrar ized ■" 3 He containment as 
'discussed-in MQ9.9 /, 1 7-2 0.4" nor -gold dr -a -d£ut^rat£d -^pSlymer . 
Sun f a c e s; ic oil tact ing - -the hnon -;aqu e 6u s> r :s o 1 ve n t ' Pe- . g : ; : z 
acetone);;i;shQuld *e sacetone^re^sistraint '/and valves: 'Way be 
magnefcicaldy jcdntxol-^^^ Teflon or " 

^silicon partes ;r z . ~3 ws; Ls? v &o .r xi: :.i-v-' : " : - Y^- -"^ c.'v^o 

r.The'.'vpxooessobf ./the. -..invention i\nay( co'nvenie-ntTy be. ".- * 
automated and; .comp.uter:-:coritrol led ; : **:;- „ , ^ ^o* ^ - 
:-. 1 .^i.ewedrvfrom- ia- ..further aspects the" invent ion; -provides ~ jes 
a hydrogBnation- apparatus;- comprising: r a hydrogenation. - *s* 
chamber; rhaving. ;a: liquid \outlet;dnto a: con"du : it: leading to - .*. 
-a— liquid dxople-.tr :ge'nexatorr;:inlet l ie -..g:.\ ' a- spray nozzle) 
to '.a.-, .solvent: remavai ..chamber ,bnz> ;::r: i o;;v r - r./f.q-: = ^ 
.: • said hydrogen.at.ionj chamber rhavincp al. hydrogen.; inlet s 
and absolution .inlet:, provided:: with:: a- farther, Id 3jr 
.droplet ; .generator ;;; w .•-.-ir-., wc:.! £.-)■- Isrv*:-: :: h 

- ^ r saidr -conduit including a? catalyst,: removal chamber 
(e>.g-l (containing an. iom -exchange'; resin) e between : said ->:_ 
hy drogeha t i.on„- c hambex 3 'and : . s a iado s oiven tv remova 1 chamber -r. 
,and; being provided.^ preferably between;: saixi-v ;.OMO*i3 
hydrogenat ionr- chamber;, .and;- saida catalys-tr /removals chamber , 
with .a- liquid "inletv::(e T ; g .;: a; water inlet ) ;;/saidr solvent 
removal;; chamber; being, provided with. a. gas- outlet ^-{e .g. 
attachednto a,* vacuum;? source) vr andv wit hr a liquid outlet 
(e : g:::: to,;an; opt lonalo formulation chamber; and: thence to 
administration means; or; toi a,. dose::uhit receiver - (e .g. a 
syringe) ) , and .:>i;; :;3'/^or:l 

said.:. hydroge nation apparatus ^beingof urth'er provided 



with magnetic shielding^such-that ' the 1 r magnetic f ield 
within at least part of ; .said hydrogenation : chamber and/ 
or within at least part of said ^conduit (preferably the 
part upstream- of the Liquid : (water) inlet') "is <50 fiT , 
njpre : ,;pref erably; <lr^T 1 .:v;; --'."i p. : ;i !{ : >.: ■ - b: - c :: r •:: 

- - . : The, apparatus;: .of- rthe/ invention:: .'i&rpTef erably - ; also 
■provided . with-.reseryoirs "and. ..mixing chambers appropriate 
for the materials, be ing_ fed/ in*,*. e:\ :g -a n . e nriched "•• ••:- 
hydrogen-;- reservoir, . ; a-; .water., reservoir/' -?a~ 'reservoir- for 
solution-s-.pf: hydrpgenation/ , jo^r 

hydr ogena t abl <e :: subs tr ate:, ,re servo irs : f or •'•f-urther ; q 
cont ra st £ medium^ compon^eiitaio a. mixings chamber" : fo'r -mixing 
solutions of catalyst;; .an&^su&s^ "chamber 
• for r mixing vwate^;vw^th the;: solution:: .exiting ,the:n; f. \-c. 
hydrogenation,.; chamber; seter. Likewise; the' hydr ogena t ion 
.-chamber .is preferably Lproyidede withr: ar vent:: :f 6r removing 
hydrogen^ and; various^ ;P:f 3 the chambers -and;' "reservoirs are 
pref erably-provided :with;;nitr.ogen^ sources^ and^ nitrogen 
.iniets rtOrdrive their fcontentsi. into ■■■ or: through- the 
apparatus . Particularly -preferably.; e ihei apparatus.'- also 
-includes -an ^enriched .hydrogens generator: r ~ valves , valve 
actuators and a - computer control rf orocontrolling 
-.apparatus £operat ion . aceo s:ir z ~ J r^n: .:. Jfp'H 
; :: ; The magnetic ^shielding- isr.pref erably removable so 
: t ha t. it -cart - be oremov^ed Zif ^ 2 HI- imaging fis:rdesir'ed\, 1c: 

The chambers and conduits of .the ^apparatusvof ::the 
inve-rtfeion: -are, pref erabiy :seaiable eto iprevent : lngress of 
air; moreover, the apparatus vis vpre f erably ^provided with 
valves: a : nd .porjt s -arrangeable sto apermi t >.degassing , in 
particular to remove surface, adsorbed '-.oxygen :: £1 i 
:; The_wat:er input ...to the;: apparatus of r-the .[invention 
is preferably deoxygenated/ e ;.g^.Lby :treatment:":witK^ 
•nitrogen ( : r ::o:::rv:^ crju^i'S oj v;r. i':vT..rr'r:r5i 

e o - -:-T:he - ".chamberis _-in the: apparatus ;;of he 'invent ion 
may ^ have-, : i n t e'rn^ • cxdtsst- sect i'ona If f : a r'ea s: cwh i c:h jar e^ ;l:a r ge r 
than, the : * : inter na>l:v,cr o.s s- sect ibnai: lare'as cofi the -chamber 
inlets ; or--. outlets.- firii fehe^. f-lowl^dirie^tdori)):;: alternatively 



.'the cross r sectional rareas ■ in "the -flow 'direct ion' -"may be 

substantially r invariant / i . e\". a tube may function as 
■inlet-chamber-outlet, r . "i ... r.. : -:; r. - - ' :r, . -;o 

- The 'use ::bf heterogerieousiy catalysed 1 ,,: spray^ -L 
hydrogenation" in the preparation' of .. MR" contrast 1 c agents 
is/ -new.'; . . Likewise isuch' hydrogenation- is :( new'' in the 
preparatiohivof amino; :acids --and- pharmaceuticals'. '"The 
proceciure-iis. .rapid^ and efficient^ and : this 'forms 'a : - T 
further;, aspect; of/ the invention . ^ Viewed"' f r'o'm :: this : 
aspect the ■ ■■invent-ipn-.providbs'r ^^proce^s^ f o : r ' the' 1 - 
prep.cira.t ion:;_o;f ; an: 'antin'O" "ac id", & "a3 ptiarmadeutaeal 0 '©^ ' an in 

vq: diagnos tic : .agent , cbaina'ct e^pisedv that" said- 
process;: comprises:. a\: hydrogtenatiott^ step in whieh :: a c>: - 
solution of;: a;.:subs trate: and ' a hyd'rog^hat ibh- 1 - catalyst is 
jSprayed/into; a-r hydrogen- containing^ charAb^r-C :i--pe'xbv;i 
.:- ■ -; -Where-the; hydrogenationqislef f ected usihgva §ras in 
which;: the;- 2 H: *H vratio-.is in: exces's: of ^'9 u§ ing *p 4® 2 3fc ; 
the; use: -of -heterogenous ^cataliysite e is ■ t SlsoYcaritemplated - 
in;: this,, event;- catalyst;: removal -may ~* involve -filtering nor 
other;:particulate: removalqtechniquesV ^ - : - t,u:i;;:;CT : ; ** 
■ , * Ther contents.c-of oallcpublications ^referred 'to^herein 
are:; hereby ;: incorporatedrby reference i'> o .= ±~ ~ - *- ; ^ £ - 
Embodiments of the process . arid "apparatus of -.the^ 
invention will,. now _becdescribed rwith " f re'f erence to the 
f o 1 1 bwi rige • -non- 1 ira it ing -Examp 1 e 3arld to. - : the^ ^ac cd'mpa riy i ng 
drawings /nin^which :* o t'bnc^ f r.c ar^c^no a -il 
i -a e-:r; : iFigure el qi s .\ 1 a r schematic .i View ":of vprie ^apparatus- 1 
according vto t;.t he ..invention;" : sqas eci3 x _ -.revc j*rc.:; ; ri:r 
Li . :Figure^;2 f is; -xaqschemat'rc -view of^part -c>f- : ' the r 
apparatus qfcFigureal,- a-ndr::;-2 evcr-ie:: cj :s[;:) : ;^: 
, :i:; f Figure i3 is f ra ^schematic -view: of; a- ^ further part of 
the ^apparatus :of vHigure- 1 r e :::^ : w. v:;oeb v;:(b:^:s:;c 3.: 

Referring to Figure 1, hydrogen t 1 ^) from -"cylinder 
1- jis cfed nvia tuber ::2, ::ta "a p^H 2 :.generato^r :and whence into 
:hydrogehat ion rc-hamber:c3: .: :. "A. hydrro^gehatidrl' ^catalyst 
solution f rom rreserivoir J^cand. \a- hydfcogenatabl'% substrate 
solution, f rora>irerservoir;l5l are* f ed vi^iiries-"^ arid ^1- to a 
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spray : nozzle: in 'chamber 3-.' : - The-' liquid .'settling 1 'in 
.chamber. .3 .-passes.- via "conduit -8" through at" twin /z-metal 
i layered .'; tube 9 r a 'magnetic - shield : -having ; an ^internal 
field of less than 0.5 fiT , into an ion exchange column 
10 and thence to a spray nozzle in the solvent removal 
chamber 11. Before the liquid enters the -ior*- exchange 
column but after it exits the magnetic shielding, water 
-f rom .reservoir -1.2 -is -added ".via' >' tube -1-3 --Sdlv'ent removal 
chamber 11 (is ^cdnnected^^ra-feube ' 14 r; tb : --a Vacuum ? plimp 15 
:whic : h. ; : serves-'-tb -ire;mQve;--noi^£<queou^^^ evg .•*■■ ~ :: • 

aoetone:.? ;The>^Liqu:i^ remaining* in- chamber'- 11 ? ' i f s l; removed 
■:vi;a^ -exit: - £ duct Qjfc.w '.- I . 0 , orO J i ) .b x d r, :: __ Ivvr z- ;r/xc i- ':, t-, 

.:::= Referring -to^iglire ^2 /: ^t : ^cah *be seen that'-feutrogen 
r iat3*3 bar:):, is: used to" ^drive'-^ca'tal-yst^ 'aifd substrate- 
solutions* fro^-reservod%s v ^ -arid- S ;; to' -water ic j ab£eted 
mixing"' chrainber ■ 17 -arid^'tKehce ^tci.^the s : pray r -nozzle- -i-8 in 
hydrogenat ion?, chamber- -3 wh-i'ch i s - p r b v i d : e d 1 with- 7 a- valved 
hydrogen:: :vent 7/1 9 . ^Nitrogen- may be-" used to" drive- the 
1 iquid rcol Leetlngo-in^" the" 1 hydro g'e nation 1 - eh'amber - through 
the~ r magnetic: shielding 9 to -mix wit"h' : nitrogen driven 
-water f orbm":. reservoir ■•■'T2i^ Turning- to Pigure 1 ^ the : 
solution/water-: mixture-- passes" intb^water- j acketed : mixing 
chamber: 2-6^ and thence through- a v 2- to 4 -ciri long ' ion- j * 
exchange column 10 containing 4 00 mesh sulphonated^ 
•polys tyrene/2% DVB --'and- : "&d ~t o : spray : n6 : z z : le^ 21 in solvent 
"removal chamber li . To * ensure complefee ^nori- aqueous 
solvent removal, the chamber 11 is buf f ered^witli-a . 
cooMngi tifap:n (not'-shoWh) f ollbwed^by a { ~ : second T volume 
: bef ore r the^va^uum' -pump^- this -relieves - the -^very -"sudden 
load Qthexwis^ ^put -dri ; the^pump^ £Af€e"r Release " frdm the 
chamber llp-the aqueous ; " cont rast%ediiim!!:' is re^dy for 
-use ^alternatively its pH^may v be v biif f ered- and ' its ion 
-profile adjusted (e.g. to add plasma cations) . ■« ;/ .»"" 
s. -.i ;* a ^The-re -are --"two preferred modes ~bf -opera tion ; in one 
the apparatus is used to fill a syringe^whibl* is-removed 
and the* contrast medium is injected; in the second, the 
apparatus delivers small doses of contrast medium 



continuously- to : a_ catheter linked" to : the .pat ient , The 
-.second rmpde allows ■ for easier imaging- since the ^operator 
can . adjust the r MR- : imager-.,tp- obtain a - satisfactory iimage . 

EXAMPLE 1 , 0 s# , — . * I ::n ^ ,. v :u: - . : '.. ; 

; . A solution ^q£.JbiGyc ; l^,[2.. 2:^lhhepta.-2.,-5 -dienei - [1,4- 
bis Cdiphenylphosphin^^ A . ri. 

t e t r a £ .1 uq-r obqr at e i : ; (9 3 i v 5mg<L*. .• i n -.argon -bubb 1 ed- *a c e tone 
; (5jnlJ is- charged, i-n- Qhamtter:^A and, par !so_li*t ion- /of: <2>i 
acetoxyacrylic acid (llOmg, 0.85mmoli) :i n.* • ar go rc- bubbled 
aceto.ne- ( 5ml:) : in : chamber : .B s-rn Chamber ^E-Ji.s. -:f.illed with 
disti-lled-, argon r bubbled : .^aterx; LlOHi exchange .resin of 
type ; ..sulphonat ed- polys tyreneiv.:r,2%5 ;cross. -linked > r s.wel led 
with -water rand-, charged f wi-fch: js odium:* ions :' is;:.loa'd.ed:;in the 
ion- exchange: .column:. /Water atv : 42 is; : . e i rculat edv rU-:^ 
through^- the -jackets in r , the- set -nap . , i- Thev.experinrentr. is 
started by r: ;-running : a : c^mputeri pxpg;ram;.that,- controls ,the 
valves,- according- to scheme -1 -as; ishown- in; Table;; l;;.below . 
The :: program- is written - rin Labyiewv-.: After rthe program is 
finished. the_ : sample -of ::ap,eousT hyperpo-larizedlQ-acetyl 
lactic - acid , is removed-, at ; the bottom of ~ chamber .-G, 'by-, a 
syringe . .. ; ; -, ; ;: .::xsniz::r:i~- " I :'>i 

X-a : -A 3m 3 /-hr; : : 2 : -stage ; : -diaph i ragjn : ^pump; is vus.ed \tq provide 
the .yacuum r and -3 u bar of nitrogen. i£ used^as the v .driving 
pressurev L:ie ;j :: ; ~l e.A .; , [ vv\:..:.»£*-r \ 

^,. f i; j ^, r The spray nozzles^ are or^inaryceomraereiai;oil 
burner r.no z z le s ,^ v the c one i; in chamber^P:;is -specif -ied ^afs 1 . 5 
US- : gallon/hr with \a 60 °, L oone -angle , ;qthe_;qneM-l?n. chamber G 
is: : 1.0 US gallon/hr^with ^a^eo^ .cone angle.!.: &f,o 
} f = "^The ^magneticcjvalves rare 24Y-.DG- with.Lgasketis , of 

EPDM. , <:r:2;;jo b/ c r-;. fc ,^.^} b:.- ' ; L : ; ir 

:: The rmagnetic pSQreen^is vmade from-, two '-concentric 
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Claims . . ■] \ ': ; V ' , j 

1 ; A process far, the preparation ; of -an MR contrast 
agent/ 1 , said process ; comprising-: | ~\ ■ • 1 ! 

- ;i)j | obtaining a=; spiut-idn » in- : a' solvent of a ! 
hydrog'enartabl^ , ; .unsaturated substrate, compound; and; a 
catalyst ,f or^- -thfe^ hydrogenat ion of • said ^substrate ; 

COmpquhd;.\ • ;" ' ' ! ^1 \ > . L ! : ; F V :: r - \". ? , /, \ 

: ^ j ii) r . i introducing ,.said< solution in. droplet form 
into a qhamber containing hydrogen gas (H 2 ) jenriched in 
par a -<hydr ; ogen ^(p- 1 H 2 J aridi/bzi ortho-Heuterium *(o- 2 H 2 : ) • 

l ' : i * | i : j * 

whereby to ;hydrpgenate . . said; substrate to 1 f otm a ; 
' hydro : geriated imaging agent;; j | ' i i 

i " ! iii) lOptionally subjecting said hydrogenated » 

1 ' : ! ' - f i ; i . 

' imaging agent -:to a- magnetic' field having, a- field "\7 \ 
■ 1 . : j i ; i i . ! f : j 

strength' below earth 1 s aijnbiient field,, strength;' . , ; 
! \ : * ' ! j o ■ r | j i ; I J: } - \ 

; f iv) optionally dissolving said imaging agent; in 

! an, a'que'ous .medium;'- i - j - j - ' * ! " : ; 

. v) ; optionalljy separating said catalyst ; frorri the 

j - - ! - ; t -v- ! : | - j - j " - , — j - ■ j 

: solution of; said ima'ging i agent in said aqueous ' medium ; 

,■ : . ■ i ~ j - » i ~ ■ - i * i ... : i . C ; . 
i * ' i vi) optionally separating said solvent from r the 

i soiution : ofj said ima'ging : agent.;;. in said aqueous : medium; 

and \ ' j ; ; i I ^ ■* 1 j : 

vii) optionally freezing tjhe solution jof 

; imaging agent ' in sai!d aquebiis mediiim . " : i ; : . " : ! * : 

; I'll - ! \ ' 

: : • , - I » j ■- I - I ^ - i » ! - ! 'V S ; - ! 

j 2_. • ;A hydrogenat ion apparatus pomprising;..^ ^ ! | 
: hydrogenat ipn chamber having a ljiquict outlet: irito al 
jcb^iduit leading jto a' liquid ; drop|let generator inletj to a 

solvent' removarl 1 chamber"; | \ ° 1 ] ° | :: | r | !' 
i - ! s.a^.d hydrogenatiQn Ic.hamber having-.al .hydrogen, inlet 
,and a? solution inlet' provided wi;th _aj further liquidj 
! droplet genjeratpr , j i : j j j j ; \ 
* " ; S ; said' boriduit :inclu4ing a^catal^st r:emdval chamber 
^between said hydrogenat ion chamber and sajid \ solvent; 
: removal chamber jand being provided, preferably ; between 
-s a id ■ • hydr oge-na-t-i-on— e hambe r ~ and™ sa-i d--c a t aiy s t — r emo va j l 

chamber, with a liquid inlet, said solvent removal 



said! 



chamber being provided with a gas outlet arid with a 
liquid outlet, and 

said hydrogenation .apparatus being ..further 
provided with magnet ic • shielding such that the- magnet ic 
field within at least part of said hydrogenat ion chamber 

i If 

and/or within at least part of said conduit (preferably 
the part upstream of the jliquid (water) inlet) is <50 
^T, more preferably <1 /iT. 

A process for the preparation of an amino acid, a 



pharmaceutical, or! an jin vivo diagnostic agent, 
characterised in thatj sa^£(3Vprpcess comprises a 
hydrogenat ion step in- which a| solution of a substrate 
and a: "hydrbgeh^tibn catalyst : is sprayed into a hydrogen- 
containing:- ichamber . £ J- 



</3 



Hydrogen 
cylinder 



Water 



para- 
Hydrogen- 
generator 




Catalyst 
solution 
(acetone) 



Substrate 
solution * 
(acetone). 



5" 



Low-magnetic field treatment 



Ion 

exchange 
column 



10 



II 



Spray - 
acetone 
removal 
unit 



IH 



Vacuum 
pump 



Aqueous solution 
of hyperpolarized 
product 



FTc, 



■/3 



N 2 3 bar 



Overflow 
sensors 



5 5 ml 



B 




Substrate 
(acetone) 



5 60 



A 



0 i 0 



-0- 



N 2 3 bar 

01 



5 ml 



0 3 



Catalyst 
(acetone) 



A 



Water 42 °C 



Mixing 
chamber 



Vacuum 




para-Hydrogen 



Water 42 °C 



N 2 3 bar 



N 2 3 bar 



Low-magnetic field 
treatment 



To mixing chamber 



Mixing 

chamber 

(F) 



Magnetic 
stirrer 



3/3 



-0 



0 



Water 42 °C 



Ion exchange 
column 

(0 




Aqueous solution of 
hyperpolarized material 



\ 



0 0 N 2 3bar 
17 18 



Water 42 °C 



fTq 3 



1 



V 



THSS PAGE BLANK (uspto) 



